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CHAPTER I  
INTRODUCTION
The Columbian ground s q u i r r e l  (Sperm ophilus colum bianus) ty p ic a l ly  
becomes dormant in  l a t e  August when f r e e  w a te r i s  sc a rce  and fo rag e  
g ra s s e s  a re  d ry . From th a t  tim e u n t i l  th ey  arouse te rm in a lly  in  th e  
sp r in g  th e  absence o f d ie ta r y  w ate r p la c e s  s e r io u s  demands on th e  
k idney  to  m a in ta in  a  s ta b le  in te r n a l  osm otic b a lan ce . T his s t r e s s  i s  
f u r th e r  h e ig h ten ed  by p e r io d ic  a ro u sa ls  every 7 -lli  days a t  w hich tim e 
th e  s q u i r r e l  w i l l  u r in a te  b e fo re  re tu rn in g  to  to rp o r  (Passm ore, 1967)» 
The s tim u lu s  fo r  th e se  a ro u sa ls  i s  b e le iv e d  to  be th e  bu ildup  of u rea  
to  n ea r to x ic  le v e ls  in  th e  plasm a (Passm ore, 1967; F is h e r ,  196it). 
T h e re fo re , to  f i l t e r  th e  u re a  from th e  plasm a and e x c re te  i t  in  a 
c o n c e n tra te d  u r in e ,  th e  k idney  must be o p e ra tin g  n ea r maximum e f f ic ie n c y .
However, d ecreased  c a rd ia c  o u tp u t (Popovic, 196U), d is p ro p o r tio n ­
a te ly  reduced r e n a l  blood flow  (Hong, 1957), h e a r t  r a t e  as low as l/50 
o f normal and s y s to l ic  b lood p re s su re  o f lO-iiO mm Hg (Lyman, 1959), p lu s  
m o d ific a tio n s  o f  th e  k idney  g lo m eru li which would impede normal f i l ­
t r a t i o n  (Ziitiney and Rigamer, 1966) a l l  in d ic a te  t h a t  g lom eru lar f i l ­
t r a t i o n  e f f e c t iv e ly  ceases du ring  io rp o p . A d d itio n a lly  Moy (1971) has 
shown c o n c lu s iv e ly  th a t  th e  c o n c e n tra tio n  g ra d ie n t in  th e  r e n a l  m edulla 
o f S . colum bianus b reaks down co m p le te ly ,th e reb y  making th e  p ro d u c tio n  
o f  a c o n c e n tra te d  u r in e  du ring  to rp o r  an im p o s s ib i l i ty .  A ll t h i s  e v i­
dence in d ic a te s  t h a t  th e  k idney  i s  e s s e n t i a l ly  n o n -fu n c tio n a l du rin g  
to r p o r .
During arousal, however, Moy (1971) has shown that the squirrel 
rapidly rebuilds the renal medullary gradient by concentrating urea
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and sodium in  th e  m edu llary  t i s s u e .  He found th e  u re a  more con­
c e n tra te d  in  th e  p a p i l l a r y  t i s s u e  f lu i d  th a n  in  th e  u r in e  o f a ro u sin g  
s q u i r r e l s  (PTF/U > 1 ,0 ) ,  b u t in  dehydrated  a c t iv e  s q u i r r e l s  th e  u rea  
l e v e l  o f  th e  p a p i l l a r y  t i s s u e  f lu id  was l e s s  th a n  h a l f  th a t  o f  th e  
u r in e  (PTF/U < 1 , 0 ) ,  T his su g g ests  t h a t  th e  a ro u sin g  s q u i r r e l  regu ­
l a t e s  i t s  u re a  e x c re tio n  so t h a t  more u re a  i s  absorbed from tu b u la r  
f l u i d  du ring  a ro u sa l  th an  d u rin g  normothermy. Moy's ev idence f u r ­
th e r  in d ic a te s  th a t  s in c e  th e  c o n c e n tra tio n  g ra d ie n t i s  r a p id ly  
r e e s ta b l is h e d ,  th e  g lom eru lar f i l t r a t i o n  r a t e  p ro b ab ly  approaches 
normothermic v a lu es  in  a  c o rre sp o n d in g ly  s h o r t  tim e .
The p re s e n t  s tu d y  was a ir e c te d  tow ard th e  f u r th e r  e lu c id a t io n  
o f th e  r e g u la t io n  o f u re a  by th e  k idney of th e  a ro u sin g  s q u i r r e l ,  
and GFR re c o v e ry .
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CHAPTER I I  
METHODS AND MATERIALS
Animals
S ix tee n  ground s q u i r r e l s  (Sperm ophilus colum bianus) were used 
in  t h i s  s tu d y , o f  which e lev en  were l iv e  trap p ed  in  th e  en v irons o f 
M issou la , Montana d ir in g  th e  summer o f  1968, and f iv e  were o b ta in ed  
from th e  Rocky Mountain L a b ra to iy , H am ilton , Montana* A ll were main­
ta in e d  on a l f a l f a  p e l l e t s  and w ate r ad l ib i tu m .
E xperim en tal p rocedure
Periodically between October, 1968 and February, 1969, active 
squirrels were transferred to small wire cages (12" x 6" x ii") wtiich 
were two-thirds filled with shredded burlap nesting material. They 
were then placed without food or water in an aerated temperature 
control cabinet maintained near The time required for these
squirrels to enter deep torpor varied from two hours to three days.
W hile in  t h i s  to rp id  s t a t e ,  a s q u i r r e l  was removed from th e  
h ibernaculum , w eigh t and sex re c o rd ed , and an i n i t i a l  r e c t a l  tem per­
a tu re  was o b ta in ed  w ith  a S c h u lth e is  q u ick  r e g i s t e r in g  therm om eter. 
A fte r  th e  anim al was secu red  to  th e  o p e ra tin g  t a b l e ,  a therm ocouple 
connected  to  a Prown re c o rd e r  was p la ce d  r e c t a l l y  to  o b ta in  a con­
tin u o u s  tem p era tu re  r e c o rd . Local a n e s th e s ia  was induced in  th e  
abdom inal and ju g u la r  re g io n s  w ith  subcutaneous in je c t io n s  o f l id o -  
c a in e  h y d ro ch lo rid e  2%, L a te r  P u r i t a l  was in je c te d  in tra v e n o u s ly  
t o  m a in ta in  th e  a n e s th e s ia .
Once th e  a n e s th e tiz e d  s t a t e  had been rea ch e d , th e  abdom inal
3
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u
c a v i ty  was opened w ith  a n id l in e  in c is io n  from th e  pubic symphysis 
a n t e r i o r l y  one and o n e -h a lf  to  two in c h e s .  4 b la d d e r  u r in e  sample 
was ta k e n  and th e  b la d d e r  was p o s it io n e d  p o s te r io r ly  o u ts id e  th e  
abdom inal c a v i ty  to  expose th e  u r e t e r s .  VFith th e  a id  o f  a d i s s e c t ­
in g  scope and m ic ro - s u rg ic a l  in s tru m e n ts , one u r e t e r  was c a th e te r -  
iz e d  w ith  a th re e  in ch  s e c t io n  o f h e p a r in iz e d  P .E . 10 tu b in g  w ith  
th e  in s e r te d  end drawn o u t to  an o u ts id e  d iam ete r o f  l e s s  th a n  .020 
in c h e s . The c a th e te r  was sec u re d , a  m ic ro te s ttu b e  was p la ce d  over 
th e  open end , and th e  abdom inal a re a  was covered  w ith  a s u rg ic a l  
sponge m o istened  \r i th  mammalian R inger s o lu t io n .  A one in c h  in c is io n  
was th e n  made in  th e  ju g u la r  re g io n  and th e  e x te r n a l  ju g u la r  v e in  
was c an n u la te d  w ith  a tw elve  to  fo u r te e n  inch  s e c t io n  o f  h e p a r in iz e d  
P .E . 10 tu b in g .
As a  plasm a in u l in  l e v e l  o f  80 mg/& was d e s ire d  f o r  th e  ex p er­
im en t, a p rim ing  dose o f in u l in  was ad m in is te re d  th rough  th e  cannu la  
soon a f t e r  i t s  p lacem en t. The dose was c a lc u la te d  acco rd in g  to  th e  
fo llo w in g  fo rm u la :
Prim ing dose o f i n u l in  = 80 mg^ x  20^ o f  th e  body w eigh t (B.W.) 
( in  0,9% NaCl) ( e x t r a c e l lu l a r  f lu id )
The cannu la  was th e n  connected  to  a H arvard model 901 in l 'u s io n  pump 
and te n  to  t h i r t y  m inutes l a t e r  a m aintenance dose of in u l in  in  0,9%  
NaCl was begun.
M aintenance dose o f in u l in  = 80 mg% x 100g B.W. x  6o m in /h r 
(m g/hr)
X 0 .3 0  ml/lOOg B.W./min 
(h y p o th e s iz ed  GFR)
The in fu s io n  r a t e  f o r  each s q u i r r e l  g e n e ra l ly  rem ained  c o n s ta n t ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
how ever, to  o b ta in  a v a r i a t io n  in  u r in e  flow among th e  s q u i r r e l s ,  
in d iv id u a l  experim ent r a t e s  were v a r ie d  from 6 .2  to  30 ,6  in]./hr.
The u r e t e r a l  c a th e te r  was examined c lo s e ly  to  determ ine when 
u r in e  flow  began . The e lap sed  tim e from h ibernacu lum  rem oval u n t i l  
flow commencement and th e  tem p era tu re  a t  commencement were re c o rd e d . 
The u r in e  samples were c o l le c te d  in  prew eighed and la b e le d  m icro­
t e s t  tu b es  and u r in e  volum e/m inute was de term ined  by changes in  
w eig h t o f  th e  tu b e s .  C o lle c tio n  p e r io d s  v a r ie d  from f iv e  to  t h i r t y  
m inutes depending on flow  b u t most o f  th e  sam ples were o b ta in ed  
d u ring  f i f t e e n  m inute i n t e r v a l s .
One m l, blood sam ples w ere o b ta in ed  p e r io d ic a l ly  by venipunc­
tu re  o r c a rd ia c  p u n c tu re . The plasm a was se p a ra te d  im m ediately 
by c e n tr i fu g a t io n  and a serum sample was o b ta in ed  from f i f t y  | i l  o f  
plasm a a f t e r  th e  p ro te in s  were p r e c ip i ta te d  w ith  ZnSO^ and NaOH.
A ll  u r in e  and plasm a sam ples w ere fro z e n  d i r e c t l y  a f t e r  th e  o p e ra tio n .
At th e  com pletion  o f  each ex perim en t, th e  s q u i r r e l  was k i l l e d  
w ith  an overdose o f  5^ S u r i t a l  and th e  th o ra c ic  c a v ity  was opened.
S im ila r  p ro ced u res  were c a r r ie d  ou t on e ig h t  a c t iv e  norm other- 
mic anim als excep t th a t  g e n e ra l s u r g ic a l  a n e s th e s ia  was induced a t  
th e  tim e of rem oval from th e  h ibernacu lum  u s in g  in t r a th o r a c ic  
in je c t io n s  of S u r i t a l ,
One d e v ia tio n  from th e  d e sc rib e d  p ro ced u re  o ccu rred  w ith  th e  
l a s t  fo u r  a ro u sin g  s q u i r r e l s .  In  an a tte r rp t to  d e lay  a ro u s a l ,  th e  
s q u i r r e l s  were p laced  on a bag o f crushed  ic e  u n t i l  th e  su rg e ry  was 
com pleted . None o f  th e  a c t iv e  s q u i r r e l s  re c e iv e d  th i s  t re a tm e n t.
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I n u l in  and u rea  d e te rm in a tio n s
I n u l in  c o n c e n tra tio n s  in  th e  serum and u r in e  were determ ined  
by th e  method o f H ilg e r ,  e t .  a l .  (19S8) u s in g  a Beckman DB s p e c tro ­
pho tom eter, A s ta n d a rd iz a t io n  curve was run  each tim e and compared 
w ith  p rev io u s  curves as a q u a l i ty  c o n tro l  p ro c ed u re . The concen­
t r a t i o n s  o f u re a  and ammonia in  th e  plasm a and u r in e  w ere d e te r ­
mined by a Beckman u l t r a -m ic ro  a d a p ta tio n  o f  th e  method o f  Faw cett 
and S c o tt  (I960) u s in g  a  Beckman/Spinco model l 5 l  s p e c t r o - c o lo r i -  
m e te r. To in su re  accu racy , sam ples o f  u r in e  and plasm a p rep ared  
by th e  H ighland la b  w ere run  as unknowns and th e  r e s u l t s  were checked 
a g a in s t  th e  known v a lu e s .  20 mg^ and 20 mg% s tan d a rd s  w ere a ls o  run  
each tim e . A l l  sanç>le t r a n s f e r s  and d i lu t io n s  du ring  th e  u rea  and 
in u l in  d e te rm in a tio n s  were done w ith  Beckman squeeze ty p e  m icro- 
p ip e t t e s .
The f i n a l  d e te rm in a tio n s  f o r  th e  in u l in  and u re a  w ere th en  used 
to  c a lc u la te  th e  GFH, U/P r a t i o s ,  and f r a c t io n s  o f f i l t e r e d  u rea  
e x c re te d .
S t a t i s t i c a l  a n a ly s is
C o rre la tio n  c o e f f ic ie n t s  were determ ined  f o r  th e  changes in  GFR 
v s . th e  in c re a se  in  a ro u sa l te m p e ra tu re , th e  in c re a se  in  tim e v s . 
th e  in c re a se  in  tem p era tu re  d u rin g  a ro u s a l ,  and th e  U/P in u l in  v a lu e s  
v s . th e  co rrespond ing  v4 lues fo r  u r in e  flow . A p a ire d  sample t - t e s t  
was a p p lie d  to  th e  u r in e  u rea  v a lu e s  f o r  th e  a ro u sin g  v s . th e  a c t iv e  
s q u i r r e l s .  L inear re g re s s io n  curves w ere determ ined  f o r  changes in  
GFR v s .  th e  in c re a se  in  a ro u sa l te m p e ra tu re , th e  U/P u re a  v s . U/P
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
i n u l in  r a t i o s  fo r  th e  a c t iv e  v s , th e  a ro u sin g  an im als , and fo r  
th e  f r a c t io n s  o f  f i l t e r e d  u re a  e x c re te d  v s , th e  U/P in u l in  va lu es  
f o r  th e  two g ro u p s. Mean v a lu es  were determ ined  in  many cases  and 
a re  d e s ig n a te d  as such in  th e  t e x t .  A ll  + v a lu e s  fo llo w in g  means 
a re  s ta n d a rd  e r ro r  v a lu e s .
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CHAPTER I I I  
RESULTS
Hibernation temperatures
P r io r  to  su rg e ry , a l l  h ib e rn a tin g  s q u i r r e l s  were m ain ta ined  in  
a co ld  c a b in e t  w ith  an am bient a i r  tem p era tu re  o f Ii°C. T h e ir r e c t a l  
tem p era tu re s  im m ediately  a f t e r  rem oval, ranged from to  lli,0 °C .
(Table I ) .  S q u ir r e l  number 11/lU  had a lre a d y  begun to  arouse  when 
removed from th e  h ibernacu lum  and th e re fo re  was g iven  a  g e n e ra l 
a n e s th e t ic  from th e  o n se t o f th e  o p e ra tio n . I t  s t i l l  a roused  r a p id ly  
and th u s  reached  normothermic tem p era tu res  b e fo re  th e  f i r s t  u r in e  
was produced.
F i r s t  u r in e  -  tem p era tu re s  and tim es
The r e c t a l  body tem p era tu re  a t  which u r in e  f i r s t  was observed 
to  move in  th e  c a th e te r  ranged from 18 .0° G. to  28 .h° C. w ith  a mean 
of 2 3 .1  + 3 . 7°  C. (T able  I ) ,  When th e  ic e  bag was employed to  slow 
th e  a ro u sa l p ro c e ss , th e  mean tem p era tu re  o f  f i r s t  u r in e  flow was 
low er th an  f o r  th o se  n o t on th e  i c e ,  20 .3 °  0 . v s .  2 ^ .9 °  C ., b u t th e  
mean tim e from rem oval u n t i l  flow commencement was about th e  same 
f o r  b o th , 88 min. w ith  ic e  v s .  86 min. w ith o u t ic e  (T ab le  I ) .
I n u l in  c o n c e n tra tio n s  -  p lasm a, c a th e te r  u r in e ,  and U/P r a t i o s
A lthough each in u l in  in fu s io n  dose was c a lc u la te d  to  m a in ta in  
an 80 mg^ le v e l  in  th e  p lasm a, th e  a c tu a l  v a lu es  v a r ie d  from 2k mgÿo 
to  138 mĝ a w ith  a mean o f 7U mg% (T ab les I I  & I I I ) .  T his was m ainly 
due to  th e  v a r ia t io n  in  GFR durin g  a ro u s a l .  A lso th e  c o n c e n tra tio n
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Time from rem oval R e c ta l when 
u n t i l  f i r s t  u r in e  f i r s t  u r in e
























w ith  no 
ic e  pad
Animals 
on ic e  
pad
10/17 M 620 h 5.8 90 26.0
10/31 F liSo h S.S 125 28.1
l l / l k F 120 h 12.0 Uü-IiS''*" 36.0*
12/S H 398 1 9 .S h l 23.U
"No ic e "  means 86 25.9
12/12 M 625 8 lii.O 80 22.0
1/21 M 3Wi 7 7.9 65 18.0
2/17 M 192 12 6.5 178 + 23.0 +
2A8 F h l l 13 8.0 120 21.0
"On ice" means 86 20.3
SSS3SS
Total means 87 23.1
* Removed during arousal and therefore reached normothermic temperatures before urine
was formed. Neither time nor temperature were counted in the means.
+ C a th e te r  clogged th e r e fo re  an im al not used in  de term in in g  means<
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o f in u l in  o r ig in a l ly  used was 5*0 g in  $0 c c , o f  0 .9 #  s a l in e ,  
however, re p e a te d  exposure to  h e a t n ecessary  to  d is s o lv e  th e  p re ­
c ip i t a t e d  in u l in  p ro b ab ly  a l te r e d  t h i s  c o n c e n tra t io n . Minor v a r ia ­
t i o n ,  however, in  th e  c o n c e n tra tio n  o f  th e  in u l in  in fu s io n  was unim­
p o r ta n t  because th e  main use o f  th e  plasm a in u l in  v a lu es  was in  
form ing U/P r a t i o s  w ith  co rrespond ing  u r in e  in u l in  v a lu e s . I n  some 
cases  when th e  u r in e  flow was h ig h , c lo s e ly  co rrespond ing  plasm a 
sam ples could  no t be ta k e n . In  th e se  in s ta n c e s ,  i f  much plasm a 
in u l in  v a r i a t io n  was found , l i n e a r ly  in te rp o la te d  v a lu es  w ere used 
in  th e  U/P r a t i o s .
As m entioned e a r l i e r ,  a t  high in fu s io n  r a te s  th e  u r in e  flow  
in c re a se d  luarkedly . These d e l ib e r a te  v a r ia t io n s  in  flow  r e s u l te d  
in  th e  wide range o f u r in e  in u l in  and U/P in u l in  v a lu e s .  At a h igh  
flow r a t e ,  th e  i n u l in  was d i lu te d  and th u s  low in u l in  v a lu es  around 
1 ,1 /0  mg# r e s u l te d  in  th e  u r in e .  At low flow s, th e  amount o f  in u l in  
in c re a se d  to  le v e ls  as h igh  as 29,200 mg#. The le v e l  o f  in u l in  in  
th e  plasm a had a d i r e c t  e f f e c t  on th e  u r in e  l e v e l ,
U/P in u l in  r a t i o s ,  to  an even g r e a te r  degree th an  th e  u r in e  
in u l in  v a lu e s , were s ig n i f i c a n t  in d ic a to r s  o f u r in e  flow . They 
c o r re la te d  w e ll  ( r  = 0.6U86, P < ,0 1 )  w ith  th e  d ec rease  in  f lo w . 
V alues in  th e  a ro u sin g  s q u i r r e l s  ranged  from 9 .7  a t  h igh  flow to  
239 a t  low flow . In  a c t iv e  anim als v a lu e s  were *iigher, ran g in g  from 
37 to  510.
g lo m eru la r f i l t r a t i o n  r a t e  (GFR)
The g lom eru lar f i l t r a t i o n  r a t e  by d e f in i t io n  i s  equal to  th e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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c le a ra n c e  of in u l in  by th e  k idney and i s  determ ined by ta k in g  th e
D/P in u l in  r a t i o  tim es i t s  co rresp o n d in g  u r in e  flow  in  volume/100 g.
o f  body w eigh t (B .W .)/ m inu te . The mean GFR f o r  th e  a c t iv e  s q u ir r e l s  
in  t h i s  s tu d y  was 0 .171  i  .079 m l/ 100 g . B .W ./ min. fo r  each k idney . 
The GFRs f o r  th e  a ro u s in g  anim als fo llow ed  a p a t te r n  o f  s ta r t i n g  low, 
r i s i n g  w ith  th e  tem p era tu re  to  near o r  above th e  mean GFR and th en  
p la te a u in g  o r dropping  o f f  r a p id ly ,  depending upon th e  p h y s ic a l  cond i­
t i o n  o f th e  an im al (T able I I ) .  The r i s e  in  GFR a t  th e  o n se t o f
a ro u s a l  c o r re la te d  w e ll  w ith  th e  in c re a s e  in  r e c t a l  body te m p e ra tu re , 
( r  = 0.729U, P < .0 1 ) (F ig . 1 ) .  D eclin in g  v a lu es below 0.092 m l/
100 g . 3.V Î./ min. (mean GFR -  1 S .E .)  w ere no t used fo r  t h i s  co r­
r e l a t i o n  nor was d a ta  from  s q u i r r e l  number 11/lU  w hich reached  normo­
th erm ic  te irp e ra tu re s  b e fo re  u r in e  sam ples were o b ta in e d .
Urea c o n c e n tra tio n s  -  p lasm a, c a th e te r  u r in e ,  U/P r a t i o s ,  and b lad d e r
u r in e
Plasma u rea  c o n c e n tra tio n s  fo r  th e  a ro u sin g  s q u i r r e l s  ranged 
from L.2 to  II4.I4 m l'/l (T ab le  I I ) .  T h is range was presum ably caused 
by th e  vary in g  p e rio d s  each s q u i r r e l  was in  h ib e rn a tio n . The a c t iv e  
an iit'a ls showed le n s  v a r ia t io n  w ith  a range o f O.i; to  12 .1  mf-i-G. (Table 
I I I ) .  Mean plasm a u rea  v a lu e s  fo r  both  groups w ere very  s im i la r ,  9 .21  
+ 1 .0  a .d 9 .55  ± 0 . 7  mIi/1 r e s p e c t iv e ly .
C a th e te r  u r in e  u re a  le v e ls  in  th e  a c t iv e  s q u ir r e l s  v a r ie d  s ig n i ­
f i c a n t ly  from th o se  o f th e  a ro u sin g  anim als ( t  = 5 .8266, P < .0 0 1 ) .
The means o f th e  two groups were 617 i  295 and 252 ± 220 mM/1 re sp e c ­
t i v e l y  (T ab les  I I  & I I I ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
The U/P u re a  r a t io s  were s ig n i f i c a n t ly  h ig h e r  in  th e  a c tiv e  
s q u i r r e l s  th ro u g h o u t th e  e n t i r e  range o f U/P in u l in  ( r  = 0.58L7,
P <  .01) ( F ig . l )  a lthough  th e  s lo p es  of th e  r e g re s s io n  l in e s  were 
s im i la r .  The mean U/P u re a  v a lu e  f o r  th e  normotherms was 
+ 2 8 .U and fo r  th e  a ro u se rs  i t  was 2 6 .5  ± 1 9 .9 .
B ladder u r in e  u rea  c o n c e n tra tio n s  o f most of th e  a ro u sin g  
s q u i r r e l s  w ere h ig h e r  th an  th o se  o f t h e i r  c a th e te r  u r in e s  w ith  th e  
o p p o s ite  o cc u rrin g  in  th e  a c t iv e  an im als. S q u ir r e l  number 1 /1 5 , 
a lth o u g h  c la s se d  as a c t iv e  was removed from th e  h ibernaculum  w ith  
a r e c t a l  tem p era tu re  of 31 .0 °  G, and th e re fo re  must be co n sid e red  
a b o rd e r l in e  case  (Table IV ),
F ra c t io n  of f i l t e r e d  u re a  ex c re ted
'ine f r a c t io n  o f f i l t e r e d  u re a  ex c re te d  (U/P u rea  /  U/P in u l in )  
ranged from near 0 .1  a t  low u r in e  flow  to  around 0 .8  a t  h igh flo w . 
When p lo t te d  a g a in s t  th e  U/P i n u l in ,  th e  f r a c t io n s  o f f i l t e r e d  u rea  
ex c re ted  f o r  th e  a c t iv e  s q u ir r e l s  were g e n e ra lly  h ig h e r  a t  th e  h igh  
U/P in u l in  b u t t h i s  r e la t io n s h ip  on ly  c o r re la te d  to  th e  P = .07 
l e v e l  (F ig . 3 ) .  One v a lu e  above 1 .0  and th o se  r e f l e c t in g  d e c lin in g  
OFHs below 0.092 m l/ 100 g . I f ' . /  min. were no t used in  t h i s  d e te r ­
m in a tio n .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
F ig u re  1 . G lom erular f i l t r a t i o n  r a t e  o f a ro u s in g  s q u i r r e l s  a t  
v a rio u s  r e c t a l  body te m p e ra tu re s .  S t r a ig h t  l i n e  
r e g re s s io n  drawn by th e  e q u a tio n  y  = a  + bx , w here 
th e  s lo p e  (b) i s  0 .010$ m l/ lOOg B.W ./ m in. and 
th e  in te r c e p t  (a ) i s  1 7 .$ °  C.
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Table I I .  Sample d e te rm in a tio n s  from e ig h t  a ro u sin g  ground s q u i r r e l s
GFR fo r
5 U rine R e c ta l C o lle c tio n U rine flow 1 kidney Urine Plasma Urine Plasma
8 S q u ir r e l  sample tem p. p e rio d (itil/lOOg (ml/lOOg in u l in in u l in U/P u rea u rea U/P U/P u
CQ
number number (°c) (min) /m in) /m in) (mg%) (mg%) in u l in (mI'I/1) (m ii/l) u rea u /p  i
i3CD
10/17 1 30.0 15 .00385 .034 7,650 86 88.9 320 10.3 3 1 .1 .349
"nc 2 30.2 27 .00157 .010 5,700 86 6 6 ,3 — —— —— - - -
3"CD h 31 .8 15 .00250 .157 5 ,3 5 0 86 6 2 .2 425 11.0 3 8 .7 .621
CD■D
OQ.C
5 32.2 15 .00236 .144 5,25b 86 61 .1 623 1 3 .1 4 7 .6 .779
ao3
■o 10/31 2 3k.0 15 .00086 .175 10 ,400 51 204 456 10.8 4 2 .1 .207
o3"
CT1—H 3
35.0 16 .00076 .165 10 ,800 51 212 660 10.8 60.9 .288
CDQ.
$ h 35.2 15 .00099 .199 11,800 59 200 740 9 .7 7 6 .4 .382
3"OC_
"OCD
5 35.2 15 .00146 .226 6 ,2 0 0 40 155 731 10.4 7 0 .1 .452
3C/)w 11/lL 1 36 .6 15 .00097 .161 10,800 64 166 330 1 4 .4 23 .0 .139
3
2 36 .8 15 .00043 .108 11 ,800 80 182 337 1 3 .9 24.2 .133
3 37.0 15 .00061 .109 11,600 60 181 544 1 3 .0 4 1 .8 .231



















Table I I .  (C o n t.)
Gin f o r
U rine R e c ta l C o lle c t io n  U rine flow  1 k idney U rine Plasma 
S q u ir r e l  kample temp. p e r io d
number number (°C) (min)
U rine Plasma
(ml/lOOg (ml/lCX)g I n u l in  i n u l in  U/P u re a  u r e a  U/P U/P u rea
/m in ) /m in) (mg%) (mg$) in u l in  (mM/1) (mM/1) u re a  U/P in u l in
c5-
12/S 1 23.2 15 .00075 .029 5,300 138 38.2 ———
3"
i
2 23.6 15 .00195 .017 3,300 138 23.9 181 11.0 16 .ii .688
3CD 3 21.0 5 .00222 .069 1,600 138 13.3 165 11.0 15.0 1.130
TlC
3.3"CD
k 21.0 5 .00876 .152 2 ,LOO 138 1 7 .L 107 10.0 10.7 .615
CD■D 5 21.8 5 .01250 .121 1,150 119 9.7 6L 10.0 6.L ,660
OQ.C
a
6 22.5 10 .00615 .088 1,650 119 lL.3 11 10.0 1.1 .077
o3


























1/21 2 29.0 21 .00025 .072 7,800 60 130 282 6.3 L5.2 .3L8
3 32.0 15 .ooiL i .151 6,000 56 107 3L7 6 .3 55.1 .515
k 3U.2 15 .001L7 .131 L,ioo L6 89 18U 5.L 3U.1 .38L
5 3L.8 15 .00196 .069 1,700 L6 35 79 5.L 1L.6 .118























Table I I .  (C o n t.)
o GFR fo r
Urine R ec ta l C o lle c tio n  U rine flow  1 k idney U rine Plasma U rine Plasma
S q u ir r e l  sample temp. p e r io d  (ml/lOOg (ml/lOOg in u l in  in u l in  U/P u rea  u rea  U/P U/P u rea  
9 number number (°C) (min) /m in) /m in) (mg%) (mg^) in u l in  (mlVl) (mîI/1) u re a  U/P in u l in
2/17 1 23.0 15 .00130 .074 7,300 129 5 6 .6 71 4.2 17.0 .300
2 26.3 15 .00190 .065 4,400 129 34.1 94 4.2 22.4 .657
3 27.4 10 .00389 .072 2,400 129 18.9 45 4.2 10.8 .581
h 28.4 5 .00128 .018 1,850 132 14.0 45 4 .1 11.0 .784
g «—► 3" 2A8 1 21.0 15 .00124 .085 7,500 n o 68.2 54 7.9 6 .9 .101
"OCD
2 2 3 .6 5 .00512 .184 3,950 n o 35 .9 61 7.9 7.7 .214
3(/)(/) 3 25.0 10 .00218 .043 1,900 n o 17.3 70 7.9 9.0 .519
o'3 4 27.0 10 .00151 .029 2,100 124 1 9 .1 60 6 .8 8 .8 .461













Table I I I .  Pample d e te rm in a tio n s  from e ig h t  a c t iv e  ground s q u i r r e l s
GFR fo r
o îlrin e C o lle c tio n U rine flow 1 k idney U rine Plasma U rine Plasma
3
CD S q u ir re l sample p e r io d (m l/100 g (ml/lOOg In u l in in u l in u /p u rea u re a U/P U/P u:
8
c5-




IA S 1 6,700 55 122 203 5.2 39.6 .324
"nc 2 IS .00210 .270 7,100 55 129 262 5.2 50.5 .391
3"
CD 3 16+1 .00300 .109 2,000 55 37 l5 l 5.2 29.1 .788
CD■D
OQ. I IS .00170 .111 3,600 55 66 145 5.2 27.9 .425
C
ao3 S










2/11 1 IS .00081 .265 7 ,6 0 0 24 317 750 11.2 67 .0 .212
■o
CDq
2 IS .00081 .217 6,200 24 258 786 11.2 70.5 .272
3
( / ) '
C/)
o' il IS .00098 .196 4,800 24 200 940 11.2 84.0 .4203
s 16 .00106 .206 6,600 34 194 420 9.5 44.5 .228
6 30 .00042 .199 16,200 34 477 629 9.5 66.2 .139
















U rine C o lle c tio n  U rine flow  1 k idney U rine Plasma
S o n ir r e l  sample p e r io d  (ml/lOOg
number number (min) /m in)
U rine Plasma
u re a  u re a  U/P U/P u rea(m l/lOüg in u l in  in u l in  U/P ___________

























1 30 .00088 — — — 807 10.8 7k .7 —
2 15 .00076 .350 25,200 55 k58 6kk 10.8 59.5 .130
3 21 .00058 .250 23,600 55 k29 710 10.8 65.7 .153
k 2< .00036 .160 2k,koo 55 kkk 827 10.8 76.5 .172
S 30 .00U36 .158 28,000 6k k36 587 10.8 5k .3 .12k
6 ko .00017 .3k0 29,200 96 k56 — — ——
7 ko .00059 .126 12,600 59 21k 6kO 9.k 68.1 .320
6 15 .00072 .161 13,200 59 22k 609 9.k 65.0 .290
5 15 .00088 .212 lk,200 59 2kl 535 9.k 57.0 .236
k 15 .00077 .162 12 ,koo 59 210 566 9.k 60 .k .288
3 15 .00057 .166 17,200 59 291 510 9.k 5k. 1 .186
2 15 .00039 .091 16,000 69 232
1 30 .00037 .106 19,800 69 287 lk7 8.7 16.9
8 15 .00065 .167 17,800 66 257 102 11.3 9 .0 —























Urine flow  
(m l/100g 
/min)





















U/P in u lin
3CD
"nc h/h 1 2S .00031 .068 20,800 95 219
—  — —  — — —  — —
3.3"CD 2 2S .00051 .123 23,000 95 2L2 —— — — —— - - -
CD■D
OQ.















L/15 1 22 .00213 —  ■ M l — — — 6o8 10.2 59.6 —  <M» —
■o
CDq




3 Ih .00222 .193 8,200 9U 87 533 10.2 52.2 .600
3
h 10 .00225 .265 7,800 66 118 L8L 10.2 U7.L .102
















Table I I I .  (Cont,
GFR fo r
8 Urine C ollection Urine flow 1 kidney Urine Plasma Urine Plasma
Squirrel sample period (m l/100g (ml/lOOg in u lin in u lin U/P urea urea U/P U/P u
ci'3"
i
number number (min) /min) /min) (mg$) (mg )̂ in u lin (iriM/1) (mM/1) ' urea u/P i
3CD
"nc L/22 1 30 .00018 — — — — — — — — — — 1,120 8.3 133.0 , —
3"CD 2 30 .00036 .280 20,LO0 Uo 310 1,063 8.3 128.2 .251
CD"O
OQ. 3 13 .00003 .156 9,600 Uo 2L0 99L 8.3 119.6 .L98
aO3 h 13 .00109 .lli? 3,Loo Lo 135 691 ^.3 83 .L .o l6
■D









1/29 0 23 — ■-* — — — — — — ww ' 926 12.1 76.3 — — —
3c/)'c/)o"
1 13 .00112 .179 9,000 36 l o i 882 12.1 72.9 .L32
3
2 16 .00079 .139 11 ,Log 36 202 ]^036 12.1 87.2 .L32
3 19 .00081 .111 7 , Loo 36 132 1,06L 12.1 88.0 .666
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T able IV , B ladder u r in e  u rea  c o n c e n tra tio n s  from f iv e  a ro u sin g  
and e ig h t a c t iv e  ground s q u i r r e l s .
Arousing
s q u ir r e l s
B ladder u r in e  
u re a  (#1 /1 )
A ctive
s q u i r r e l s
B ladder u r in e  
u re a  (mMA)
10/17 1/15 831 (+)
10/31 358 (o) 2/11 959 ( - )
11/lU i m s  (+) 3/11 529 ( - )
12/5 3 /lk 165 ( - )
12/12 h/h 216 (o)
1/21 378 (+) a/15 235 ( - )
2/17 211 (+) a/22 a89 ( - )
2/18 193 (+) a/29 717 ( - )
(+) in d ic a te s  t h a t  th e  b lad d e r  u r in e  u rea  co n cen tra ­
t io n  was h ig h e r  th a n  any c a th e te r  u r in e  u rea  
v a lu e  o b ta in ed  from th a t  s q u i r r e l ,
( - )  in d ic a te s  th a t  th e  b lad d e r  u r in e  u re a  co n cen tra ­
t i o n  was low er th an  any c a th e te r  u r in e  u rea  
va lue  o b ta in ed  from th a t  s q u i r r e l .
(o) in d ic a te s  th a t  some c a th e te r  u r in e  sam ples had 
u rea  c o n c e n tra tio n s  above th e  b la d d e r  u rin e  
c o n c e n tra tio n  and some below f o r  th a t  s q u i r r e l .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER IV 
DISCUSSION
Hong (1957) in  h is  hypotherm ia experim ents w ith  C ite l lu s  
tr id e c e m lin e a tu s  s ta t e d  t h a t  u r in e  flow f a l l s  to  a very  low le v e l  
d u rin g  to r p o r ,  b a s in g  t h i s  assum ption on e x tra p o la te d  v a lu es  fo r  
e ig h t  hypotherm ic and fo u r  h ib e rn a tin g  an im als. He a lso  c o r re la te d  
t h i s  re d u c tio n  in  flow w ith  low er r e n a l  b lood flow  and GFR. Moy 
(1 9 7 1 ), w orking w ith  Sperroophilus colum bianus, re p o rte d  on a s q u i r r e l  
d u rin g  r e e n t ry  in to  th e  to rp id  s t a t e ,  a c o n d itio n  c lo s e ly  resem bling  
Hong’s a n im a ls . I t ' s  k i d n e y - s t i l l  had w e ll  developed u rea  and sodium 
g ra d ie n ts  and was cap ab le  o f  p roducing  a c o n ce n tra ted  u r in e .  During 
to r p o r ,  however, he found th a t  th e  g ra d ie n ts  had broken down com­
p l e t e l y .  Any u r in e  produced under th e se  c o n d itio n s  would have been 
i s o to n ic  and would have d i lu te d  th e  b la d d e r  u r in e .  Passmore (1967) 
showed th a t  no such change in  b la d d e r  u r in e  c o n c e n tra tio n  tak es  
p la c e  d u rin g  h ib e rn a t io n  b u t in s te a d  u rea  b u ild s  up in  th e  plasm a. 
T h e re fo re , as concluded by Moy (1 9 7 1 ), th e re  appears to  be no u r in e  
fo rm a tio n  d u rin g  to rpO r nor d u rin g  a ro u sa l u n t i l  changes ta k e  p la c e  
w hich p e rm it th e  k idney  to  form h y p e rto n ic  u r in e .  The p re se n t s tu d y  
su p p o rts  t h i s  h y p o th e s is  f o r  in  a l l  cases  u r in e  p ro d u c tio n  d id  no t 
commence u n t i l  w e ll  a f t e r  th e  a ro u sa l  p ro cess  had begun. A lso , th e  
GFRs o f th e  a ro u sin g  s q u i r r e l s  were very  low a t  th e  o n se t o f flow , 
b u ild in g  up w ith  body tem p era tu re  to  normothermic le v e l s .  E x ten tio n  
o f th e  r e g re s s io n  l in e  in  F ig u re  1 in d ic a te s  no GFR below a r e c t a l  
tem p era tu re  o f 17 .5 °  C. Because th e  c o n c e n tra tio n  g ra d ie n t r e l i e s
23
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Figure 2 . E ffec t  o f  urine flow upon urea e x c r e t io n  in  arousing  
and a c tiv e  s q u ir r e ls . In  arousers the U/P urea r a t io s  
were not as high as th o se  of th e  a c t iv e  s q u ir r e ls  at 
high U/P in u lin s . Linear r e g r e ss io n  s lo p es  were not 
s ig n if ic a n t ly  d if fe r e n t  but the Y in te r c e p t  fo r  the  
arousing animals (1 5 .2 )  was s ig n if ic a n t ly  lower (P <  .01) 
than th a t for  the a c t iv e  sq u ir r e ls  (3 7 .3 )*
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on g lom eru lar f i l t r a t i o n  (S chm id t-N eilsen , 19$8), i t  seems l ik e ly  
t h a t  th e  g ra d ie n t i s  r e e s ta b l is h e d  v ery  r a p id ly  in  th e  aro u sin g  
s q u i r r e l .
Because in u l in  i s  only f i l t e r e d  by th e  k idney uid i s  not 
s e c re te d  o f re ab so rb e d , i t  has proven to  be a very  good in d ic a to r  
o f w a te r  r e a b s o rp tio n  and u r in e  flo w . I f  th e  u r in e  p asses  slow ly 
th rough  th e  tu b u le s ,  more w a te r i s  p u lle d  back and a h igh  U/P in u l in  
r a t i o  r e s u l t s .  In  t h i s  s tu d y , t h i s  in v e rse  r e la t io n s h ip  between 
u r in e  flow  and U/P in u l in  was found to  c o r r e la te  w e ll  ( r  = 0 .6138 ,
P < .0 0 1 ) .
Comparing th e  U/P in u l in  to  th e  U/P r a t i o s  o f o th e r  s o lu te s  
t e l l s  much abou t how th a t  s o lu te  i s  t r e a te d  by th e  k idney . I n  th e  
p re s e n t  s tu d y , th e  U/P o f u rea  was compared to  th e  in u l in  U/P to  
o b ta in  a f r a c t io n  o f  f i l t e r e d  u re a  e x c re ted  (U/P u re a  /  U/P in u l in ) .  
I f  th e  r e s u l t i n g  v a lu e  had been g r e a te r  th a n  1 .0 ,  s e c re t io n  o f u rea  
by th e  tu b u le s  would have been in d ic a te d .  Had i t  been equal to  1 .0 , 
we would assume u re a  was handled  in  a s im i la r  manner to  in u l in ,  on ly  
f i l t e r e d ,  n o t s e c re te d  o r re a b so rb e d . But v a lu es  le s s  th an  1 .0  were 
found c o n s is te n t ly  in d ic a t in g  u re a  was being  reabso rbed  from the  
f i l t r a t e  b e fo re  i t  was e x c re te d . A U/P u re a  /  U/P in u l in  o f 0 .20  
in d ic a te d  th a t  20% o f th e  u rea  f i l t e r e d  by th e  g lo m eru li was ex c re ted  
and 80% i s  reab so rb ed  by th e  tu b u le s .  Comparison o f  th e se  values 
a t  th e  same flow  ( i . e .  U/P in u l in )  determ ined how ureawas handled 
by th e  two g ro u p s,
A l i n e a r  r e g re s s io n  a n a ly s is  o f  U/P u rea  v s . U/P in u l in  (F ig . 2) 
showed th a t  th e  a ro u sin g  anim als had s ig n i f i c a n t ly  low er U/P u rea
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Figure 3» E ffect o f urine flow  upon urea e x cr e tio n  in  arousing  
and a c tiv e  sq u ir re ls  p lo tte d  as the fr a c t io n  o f  f i l ­
tered  urea excreted  (U/P urea /  U/P in u lin )  against  
th e  U/P in u lin  r a t io .  A nalysis by lin e a r  reg ress io n  
showed th a t the the d iffe r e n c e s  between the two curves 
correla ted  to  the P = .07  l e v e l .  The slope for  the  
arousing sq u ir r e ls  was -.0 0 1 9  and fo r  the a c tiv e  
sq u ir r e ls  was - .0 0 1 1 .
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r a t i o s  th roughou t th e  e n t i r e  range o f U/P in u l in s  th an  th e  a c tiv e  
o nes . The f r a c t io n s  o f f i l t e r e d  u re a  ex c re ted  were a ls o  lower f o r  
th e  a ro u se rs  a t  h igh  U/P in u l in s  th an  f o r  th e  a c t iv e  an im als , T h is  
in d ic a te s  th a t  more u re a  was reab so rb ed  du ring  a ro u sa l  th a n  during  
norm othem y.
Sheep (S ch m id t-N eilsen  and O sak i, 19$8), man (Murdaugh, e t .  a l . , 
1 9 5 8 ), and ro d e n ts  (S ch m id t-N eilsen , 1955) on low p r o te in  d ie ts  
re a b so rb  a l a r g e r  f r a c t i o n  o f f i l t e r e d  u rea  th a n  th e  seme in d iv id u a ls  
on a h igh  p r o te in  d ie t  a t  th e  same U/P in u l in s .  The purpose o f such 
r e g u la t io n  in  ru m in an ts  i s  to  conserve u re a  f o r  p r o te in  s y n th e s is  
(S ch m id t-N eilsen  and O saki, 1958). F urtherm ore , in  most sp ec ie s  
s tu d ie d ,  u re a  i s  conserved  to  m a in ta in  th e  c o r t i c a l - p a p i l l a r y  s o lu te  
g ra d ie n t  w hich i s  n ecessa ry  to  c o n c e n tra te  th e  u r in e  du ring  a n t i ­
d iu r e s i s  (S ch m id t-N e ilsen , 1958).
The p re s e n t  s tudy  shows th a t  th e  r e n a l  tu b u le s  o f a ro u sin g  ground 
s q u i r r e l s  re ab so rb  as much o r more u re a  th a n  do th o se  o f a c t iv e  s q u i r r e l s ,  
and th e r e fo r e  appear to  fu n c tio n  l ik e  th e  tu b u le s  o f man, sheep , and 
o th e r  ro d en ts  on low p r o te in  d i e t s .  Moy's (1971) d a ta  showing a PTF/U 
o f > 1 .0  in  a ro u sin g  s q u i r r e l s  and a PTF/U o f <  1 .0  in  normothermic 
an im als  f u r th e r  su p p o rted  th e s e  f in d in g s .  Such in c re a se d  u re a  absorp­
t i o n  would c o n tr ib u te  tow ard th e  ra p id  r e s to r a t io n  o f th e  u r in e  con­
c e n t r a t in g  mechanisms lo s t  d u rin g  to rp o r ,  and would enhance w a te r 
c o n se rv a tio n  d u rin g  a ro u s a l ,
Hong (1957) and Hong and Boylan (1959) concluded th a t  hypotherm ic 
ground s q u i r r e l s ,  r a t s ,  and dogs a re  unab le to  co n c e n tra te  u rea
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d u ria g  hypo therm ia . The p re s e n t  s tu d y  showed ju s t  th e  o p p o site  s i t u ­
a t io n  in  ground s q u i r r e l s  a ro u sin g  from deep to rp o r .  T h e re fo re , i t  
ap p ears  th a t  a r t i f i c i a l  hypotherm ia and a ro u sa l from to rp o r  a re  d i f f ­
e re n t  in  t h e i r  p h y s io lo g ic  p a t te r n s  and c a p a b i l i t i e s .  F urtherm ore, 
th e  k idneys o f t r u e  h ib e rn a to r s  l ik e  o th e r  t i s s u e s ,  appear to  be 
s p e c i f i c a l l y  adap ted  to  o p e ra te  a t  a v e ry  e f f i c i e n t  l e v e l  a t  very  
low body te m p e ra tu re s .
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CHAPTER V 
SUMMARY
1 . U rine was not produced in  th e  to rp id  ground s q u i r r e l  u n t i l  
w e l l  a f t e r  th e  a ro u sa l p ro c e ss  had begun. R e c ta l tem p era tu res  a t  
th e  o n se t o f u r in e  flow  ranged from 18 .0  to  28.1; °C .
2 . During a ro u s a l ,  th e  GFR s ta r t e d  a t  a  very  low r a te  and 
in c re a se d  w ith  th e  r i s e  in  r e c t a l  body tem p e ra tu re . The mean GFR 
f o r  one k idney  in  th e  normotherm ic s q u i r r e l s  was 0 .1 7 1  ml/100  g B.W,/ 
m in.
3 . At th e  same in u l in  U/P, th e  u re a  U/Ps and f ra c t io n s  of 
f i l t e r e d  u re a  e x c re te d  f o r  th e  a ro u s in g  s q u ir r e l s  were low er than  
th o se  o f  th e  a c t iv e  an im als in d ic a t in g  th e  a ro u sin g  kidney tu b u le s  
w ere re a b so rb in g  more u re a  th a n  th e  normothermic tu b u le s .  I t  th e r e ­
fo r e  appears  t h a t  th e  r e n a l  tu b u le s  o f  th e  Columbian ground s q u i r r e l  
k id n ey  a re  s p e c i f i c a l l y  ad ap ted  to  o p e ra te  a t  a  v e ry  e f f i c i e n t  le v e l  
a t  low body te m p e ra tu re s .
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